Abstract. This work introduces a 3D+t coronary registration strategy to minimize the navigation among cardiac phases during the process of ischaemic heart disease diagnosis. We propose to register image subvolumes containing suspected arterial lesions at two cardiac phases, instead of performing a registration of the complete cardiac volume through the whole cardiac cycle. The method rst automatically denes the extent of the sub-volumes to be aligned, then the registration is performed in two steps: a coarse rigid alignment and a deformable registration. Our method provides comparable results and is computationally less expensive than previous approaches that make use of larger spatial and temporal information.
Introduction
Ischaemic heart disease (IHD) is the main cause of mortality worldwide. Although invasive coronary angiography still remains the clinical gold standard in its diagnosis, computed tomography angiography (CTA) has dramatically progressed so that a reliable visualization of the coronary artery lumen and the identication of coronary plaques are now feasible. However, the diagnostic value of the cardiac CTA images depends on the image quality, which can be strongly aected by the coronary artery motion during the heart beat. Motion patterns dier between the left and right coronary systems and often also between proximal and distal portions of the same artery. The velocity of the arteries also varies along the cardiac cycle and among patients. Such heterogeneous movements and deformations of the coronary arteries lead to motion correction problems and motion artifacts in CTA images. Consequently, the clinicians use at least two cardiac phases (time points), typically one at the diastole and another one at the systole, in order to nd an optimal representation of each arterial segment and create a mental image of the whole coronary tree. Searching for every structure of interest in each evaluated phase is time consuming and prone to errors.
An alternative to reduce the navigation through the cardiac cycle might be an automatic registration of the arteries at dierent time points. However, this is a challenging task. The correspondence and alignment ambiguities are inherent to the task of automatically registering 3D images of tubular shapes [1] .
The registration process is further complicated by the fact that vessels are typically surrounded by larger organs that swamp the similarity metric. In a rst attempt [2] , arterial landmarks have been followed through dierent time points of the cardiac cycle, using local vascular characteristics. The reported results are interesting, but the method has only been tested on simulated data and on a few points in two real sequences. More recently, a non-rigid registration strategy has been adapted to obtain a 4D deformation model of the coronary arteries on CTA images at dierent phases [3] . A non-rigid image registration algorithm has also been used to segment and track the coronary arteries in 3D+t sequences [4] .
Both approaches have been aimed at estimating the coronary motion in order to subsequently exploit it in surgery planning. Since such a procedure is carried out o-line, the computational time has not been a critical factor. In applications such as daily clinical diagnosis faster methods are required.
In this paper, we propose a 3D+t coronary artery registration strategy that minimizes the navigation and facilitates the evaluation of coronary lesions. Our approach mimics the procedure followed by physicians: after detecting a potential lesion in a particular time point of the cardiac cycle, the physician seeks the lesion in another time point to conrm the initial diagnosis. For this matter, only specic volumes of interest (VOI) in the arteries containing potential lesions are registered instead of the whole CTA volume. We demonstrate that our proposal can achieve good results without requiring information of the complete cardiac volume nor of the complete cardiac cycle.
The Method
The method rst automatically denes the extent of the sub-volumes to be aligned. The aim of this step is to construct a VOI that encompasses the lesioned vessel segment at two dierent time points to be registered. Then the registration is performed in two steps. A coarse rigid alignment rst reduces the displacement between the structures of interest (vessels with lesions) in both images. Subsequently, a deformable registration is applied to capture vessel deformations. Further details of each stage are provided in the subsequent sections.
VOI Denition
Let I M (x) denote the image at one time point, which will be locally deformed to t the image from another time point, denoted I F (x). The below-described procedure is repeated for each structure of interest (i.e. potential lesion) located in I F . The identication of the structures of interest is not the focus of this paper and can be performed either manually or by means of a lesion detection algorithm [6, 5] .
We dene a VOI I * F that is expected to be discriminant, i.e. contain enough information about the lesioned vessel, so that the latter can be unambiguously identied. The algorithm seeks for the volume that best matches I * F within a 
VOI Registration
Let us rst recall that image registration seeks to deform one image, denoted the moving image, to t another image, denoted the xed image, by applying a transformation T(x) to the moving image. The registration problem is formulated as an optimization problem that seeks to minimize a metric S with respect to the transformation T(x). Under this premise, our registration stage is a combination of two transformations T(x): a (coarse) rigid one and a deformable one.
The coarse rigid registration algorithm is applied to perform an initial alignment of I * F and I * M . Its result is used as an input to a subsequent stage where deformations of the lesioned vessels are captured. The deformable registration consists of a non-rigid transform using a free form deformation (FFD) model based on B-cubic splines [8] . The rigid registration is performed at a single resolution, whereas the deformable registration uses a coarse-to-ne multi-resolution strategy. For every resolution, at most 500 iterations are executed by an adaptive stochastic gradient descent optimizer [9] . On every optimization iteration, 2048 samples are obtained from I * F using a random sampler [9] and a linear interpolator is used to evaluate the transformed I * M for both rigid and deformable registrations. A 3 rd order B-spline interpolator is employed to apply the nal deformation transform to I * M .
The above-described framework can be used with various similarity metrics S at both rigid and non-rigid registration stages. The choice was done by a careful empiric evaluation, which will be described in the next sections. 
Experiments
We rst tested various values of the parameters D M and D F , respectively ranging from 1.0 to 2.5 cm and from 0.5 to 1.5 cm. I * Once a metric selected, an experiment was performed to evaluate whether the direct registration of two time points (end-systole and end-diastole) degrades the quality of the results compared to an incremental registration strategy [3, 4] , in which a time point t is registered to time point t+1, the resulting transform is used to initialize the registration between phases t and t + 2 and so on. From the available data, two datasets containing all the cardiac time points were used for incremental registration. Afterwards, a direct registration was performed between time points 40% and 75% to compare with the results of the incremental registration.
Registration results assessment was done by evaluating the displacement be- 
where N F and N M are the total numbers of vertices in C F and C M , respectively. For each vertex v ∈ C F , the function l(v, T(I * M )) calculates the closest vertex to v on C M . Similarly, for each vertex p ∈ C M , the function l(p, (I * F )) calculates the closest vertex to p on C F . Time point registration. Registration results in terms of average centerline distance (Eq. 1) using dierent metrics are presented in Figure 1 . As a reference, the initial displacement of the arteries (no registration) was also computed. In general, the best results were obtained when using mutual information, so this metric was kept for the subsequent experimentations.
An analysis of the nal vessel displacement in terms of image quality (Fig. 2) showed that the initial displacement has a higher incidence in the results than the image quality. The algorithm performs well on poor quality images but cannot recover excessively large displacements. We consider that the registration does not compensate the initial displacement when the nal distance between centerlines is above the average maximum vessel diameter. Table 1 compares the results obtained by direct and incremental frame registration on two datasets. In 9 cases the direct frame registration outperforms incremental frame registration, while the latter is better in the remaining 9. Although the incremental approach performs better in most of the cases where the initial displacement between vessels is large (as in RCA and LCX segments), the method does not perform well for very large distances, where the direct approach also fails. From the obtained results it is not possible to say that one of the methods is better than the other. The incremental registration tends to produce smoother images (Figure 3 
